[1] Residual solid products of erosion display a wide range of size, density, shape, mineralogy, and chemical composition and are hydrodynamically sorted in large river channels during their transport. We characterize the chemical and isotopic variability of river sediments of the Amazon Basin, collected at different water depths, as a function of grain size. Absolute chemical concentrations and Sr and Nd isotopic ratios greatly varies along channel depth. The Al/Si ratio, tightly linked to grain size distribution, systematically decreases with depth, mostly reflecting dilution by quartz minerals. A double-normalization diagram is proposed to correct from dilution effects. Elements define fan-shaped patterns and can be classified in three different groups with respect to hydrodynamic sorting during transport in the Amazon: (1) "poorly sorted" insoluble elements like Al, Fe, Th, and REEs, (2) "well-sorted" insoluble elements like Zr and Ti, mainly carried by heavy minerals, and (3) alkali (Na to Cs) and alkali-earth elements (Mg to Ba), for which a large variety of patterns is observed, related, for alkali, to their variable affinity for phyllosilicates. Sr isotopes show that the Amazon River at the mouth is stratified, the Madeira-and Solimões-derived sediments being preferentially transported near the channel surface and at depth, respectively. The comparison between the Solimões and Madeira rivers shows how the interplay between grain sorting, weathering, and crustal composition controls the composition of the suspended river sediments.
Introduction
[2] Erosion and weathering reactions are key geological processes, through which the chemical elements present in the continental rocks are distributed amongst river solutes, colloidal material, suspended sediments, bed sediments, gravels and boulders. Despite the relatively small number of studies that investigated the chemical composition of large river suspended sediments [Martin and Meybeck, 1979; Gaillardet et al., 1999; Viers et al., 2009, and references therein] , the available data show a great variability with climatic, geomorphic and tectonic settings, suggesting that the solid material transported by rivers contains important information on chemical weathering. So far, river suspended sediments have been used (1) to characterize the weathering intensity at the scale of the drainage basin using the most soluble elements (mainly alkali and alkali-earth elements) [e.g., Canfield, 1997; Gaillardet et al., 1999] , (2) to integrate the chemical and isotopic composition of the drained portion of upper continental crust and constrain its history, using the most insoluble elements (i.e., not partitioned between dissolved and particulate phase and concentrated in the latter) Louvat and Allègre, 1997] , or Nd and Pb isotopes [Goldstein and Jacobsen, 1988; Allègre et al., 1996; Millot et al., 2004] , (3) to detect anthropogenic contamination for metals [Meybeck and Ragu, 1996; Chen et al., 2009] , (4) to estimate the flux of particulate organic carbon that is delivered to the sea [France-Lanord and Derry, 1997; Galy et al., 2007; Hilton et al., 2008] , and (5) to estimate the residence time of particles in drainage basins, based on U series disequilibria [Vigier et al., 2001; Dosseto et al., 2006; Granet et al., 2007] . [3] Most of these studies rely on suspended sediment samples taken at the surface of the river channel, at one single sampling time. However, river suspended sediment concentration and grain size distribution vary as a function of sampling depth, because of hydrodynamic sorting of particles [Bouchez et al., 2010a] , which likely results in a chemical variability of the suspended load over depth Garzanti et al., 2010a] . Time series of river suspended sediment chemistry clearly demonstrate that the chemical and isotopic composition of sediments varies throughout the hydrological cycle [e.g., Viers et al., 2008] . Changing river flow conditions throughout the hydrological cycle influences the particles sorting process, which can explain some of the temporal variability of chemistry observed in river surface suspended sediments. [4] In this paper, we investigate the chemical and isotopic effects of hydrodynamic sorting within the river water column in the Amazon River and its two main Andean tributaries, the Solimões and Madeira rivers. The aim of our approach is to establish distributions of elements as a function of grain size in the largest river system of the world in order to capture the geochemical behavior of elements with respect to sorting processes at a large scale. Although mineralogical composition links grain size distribution of sediments to their chemical composition [Garzanti et al., 2010a] , this contribution is not a mineralogical study but rather addresses the global behavior of elements regarding a geological process from a geochemical perspective (e.g., similarly to what was done for partial melting) [Hofmann, 1988] .
[5] The Amazon is the appropriate river system to test the effects of hydrodynamic sorting onto the suspended load geochemistry. The Amazon is the largest river of the world in terms of water discharge (200,000 m 3 .s −1 ) [Molinier et al., 1996] and drainage area (6.4 million km 2 ). The flux of solids discharged to the ocean by the Amazon is between 500 and 1200 MT.yr −1 [Meade et al., 1979; Dunne et al., 1998; Maurice-Bourgoin et al., 2007] . It is therefore a significant geological operator at the global scale. Finally, at the mouth, the Amazon River is a several kilometers wide, more than 50 m deep channel, allowing for a strong potential hydrodynamic differentiation of particles along the water column [Bouchez et al., 2010a] . River sediment samples were collected along depth profiles of the Solimões, Madeira and Amazon mainstreams, and characterized for chemical and isotopic (Sr and Nd) composition. These rivers show a clear chemical and isotopic stratification. The variation in element concentrations can be related to the grain size distribution of the transported material, hence to hydrodynamics. Chemical variations are partly caused by a dilution effect by quartz. The use of normalization diagrams allows us to show that dilution by quartz is not the sole process and that elements can be classified into different groups reflecting their geochemical properties during chemical weathering and transport in the Amazon Basin. The behavior of alkali elements (from Na to Cs) is of particular interest since they show a gradual depletion/ enrichment pattern in the finest fractions from low to high atomic masses. Finally, the comparison between the Solimões and the Madeira basins provides insights into the relationships between weathering, sorting and crustal composition.
2. Settings, Sampling, and Analytical Methods 2.1. The Amazon Basin [6] The Amazon River basin can be geologically and morphologically divided into four main units (Figure 1 ): the Andes, the two shields (the Brazilian Shield and the Guyana Shield), and the Amazon plain. This latter unit is itself formed of the Andes foreland and the Amazon Trough, where the mainstem flows between the two shields in the eastern part of the basin toward the Atlantic Ocean. Ninety percent of the sedimentary budget of the Amazon River at Óbidos, which is the last gauging station upstream of the delta, is accounted for by the Solimões and Madeira rivers [Gibbs, 1967] . The headwaters of these two rivers drain the actively eroding Andes, where mean elevation is ca. 3800 m. The other large tributaries drain only lowland or relatively low-relief areas, such as the plain or the shields, and do not have high sediment loads [Stallard and Edmond, 1983] . This study is therefore focused onto the Amazon mainstem and the Solimões and the Madeira rivers. The Madeira River Andean tributaries mainly drain Ordovician-Silurian shales in the Central Cordillera and Cretaceous to early Cenozoic terrigenous sediments while flowing through the fold-and-thrust belt [Putzer, 1984] . These sedimentary units are thought to ultimately derive from the erosion and weathering of the Brazilian craton [Basu et al., 1990] . In addition to similar old sedimentary terranes (Paleozoic to Cenozoic shales and carbonates), the Solimões River basin incorporates a relatively recent component of subduction arc plutonic and volcanic rocks (Cenozoic to present) [Basu et al., 1990] . In both basins, the lowland rivers drain Tertiary to modern fluviolacustrine sediments, with a contribution of the Precambrian granulites of the Brazilian Shield in the Madeira lowland basin. The differences between these two basins will allow us to examine the importance of bedrock composition in the sorting processes affecting river sediments. The Amazon river system was sampled at five sites (Figure 1 [7] At each sampling location, Acoustic Doppler Current Profiler (ADCP, RD Instruments, frequency 600 kHz) [Filizola and Guyot, 2004] transects were conducted to obtain accurate water velocity profiles, river bottom depth measurements, and water discharge (Figure 1) . Then, one to four vertical profiles of the river water column were sampled, distributed over the river cross section. Each of these vertical profiles consisted in two to five samples, distributed onto the vertical profile, from the top to the bottom of the river channel. Approximately 8 liters of river samples were taken by submerging a point-sediment sampler (HyBAm Project, http://www.ore-hybam.org) down to the desired sampling depth. Underpressure Teflon filtration units (PSE filter sheets, 0.22 mm) were used to filter the river water. Membranes were rinsed with a limited amount of filtered water. All suspended matter was removed from the filter membranes and then stored into tainted borosilicate glass bottles. In the lab, the bottles were decantated during several days, the supernatant pipetted out, and the remaining sediments dried at 50°C. Bed sediments were also dredged from the bottom of the river, stored in plastic bags and dried in the lab at 50°C. The sediments were finally transferred in a mortar and weighed. Fifty milligrams were kept aside for size distribution analysis, and the remaining sediments were finely crushed for mineralogical, chemical and isotopic analysis. Suspended matter concentrations were obtained by dividing the weight of recovered sediment from the filter sheet by the weight of recovered water from the sampler. The estimated relative uncertainty on SPM concentrations is 10%.
Sample Collection

Analytical Methods
[8] Samples, along with their main characteristics and analytical results are listed in Table 1 . Noncrushed aliquots of dried sediments were dispersed into distilled water using ultrasonication, and size distribution analyses were made using a Malvern Mastersizer laser diffraction granulometer, at the Laboratoire d'Environnement et de Minéralurgie (LEM, Nancy, France). Relative standard deviation on the modal size of repeated analysis of the same samples allowed us to estimate an analytical reproducibility of 10% for the grain size distribution analysis. Major, minor and trace element concentrations in suspended sediments were measured at the Service d'Analyse des Roches et Minéraux (SARM, INSU facility, Vandoeuvre-ls-Nancy, France, analytical details available on http://helium. crpg.cnrs-nancy.fr/SARM), by ICP-OES and ICP-MS, after alkali fusion. Uncertainties were lower than 3% for major elements, and lower than 10% for minor and trace elements. XRD data were obtained on a CuK-a diffractometer (Rigaku) at the École Normale Supérieure, Paris, France, using powdered aliquots. For isotopic analysis, ca. 50 mg of dried powder were digested into a concentrated HF-HNO 3 mixture in Teflon bombs at 120°C. The resulting solution was evaporated to dryness, and the residue was dissolved in a H 3 BO 3 -HNO 3 mixture. After appropriate dilution, a few milliliters of the solution were loaded onto a Sr-SPEC (Eichrom) resin chromatography column to separate ca. 300 ng of Sr [Birck, 1986] . Sr was then loaded onto a Re filament with a Ta-oxide activator and measured on a MC-TIMS Triton (Thermo Electron) at the Institut de Physique du Globe de Paris, in dynamic mode, with typical signals of 3.5 V on mass 88 (10 11 W). Mass discrimination was corrected using the invariant ratio of 10 −5 (relative 2s). A few milliliters of the digested sediments solution were loaded onto a TRU-SPEC and then onto Ln-SPEC (Eichrom) resin columns, to separate REEs and then Nd, respectively. Nd was measured in 3% HNO 3 solutions on a MC-ICPMS Neptune (Thermo Electron) at IPGP, in static mode. Typical signals on mass 142 were 8 V. Mass discrimination was corrected using the invariant ratio 146 Nd/ 144 Nd (0.7219). Repeated analysis of an in-house standard (calibrated by TIMS on the La Jolla standard) gave accurate results with an external reproducibility of 10 ppm (relative 2s).
Results
Concentration and Grain Size Distribution of Sediments
[9] Results regarding suspended particulate matter (SPM) concentration and grain size distribution are reported and extensively discussed by Bouchez et al. [2010a] . A large increase of SPM concentration with sampling depth is observed in almost all of the vertical profiles, by a factor of up to five (Figures 2a  and 2b ). In the Solimões River, bed sediment samples are representative of the sand component, having a modal size of ca. 300 mm. This sand component is also visible in the deepest suspended load samples, with a significant fining with decreasing depth (at −28 m and −21 m for the profile 2 in June 2005, Figure 2c ). The silt component is dominant in all suspended load samples, with a modal size around 25 mm. In any sample, clays represent less than 3% of the sediment. In the Madeira, a more homogenous grain size pattern is observed, with overall finer grain size distributions than in the Solimões (Figure 2d ). Silts, coarsening from 7 to 35 mm from 0 m to −12 m, are clearly dominant in all suspended load samples, while sands are dominant only in the bed sediment sample. Clay proportion is approximately twice as high as in the Solimões.
[10] The downward increase of SPM concentration is accompanied by a broad pattern of grain coarsening (Figures 2c and 2d) . In other words, the increase of SPM concentration with sampling depth is the largest for coarse grain size fractions, whereas fine grain size fractions display a rather constant concentration with depth (equation (1)). These observations agree with the results of sediment transport dynamics in a turbulent flow. Assuming the equilibrium between the downward flux of settling suspended particles and the upward flux of particles from the bed by turbulent dispersion, the predicted SPM concentration profile is [Rouse, 1950] 
where H is the channel depth, z is the height above river bed and a is a reference height above bed, C is the SPM concentration and Z R is the socalled Rouse number
where u* is the shear bottom velocity, the von Kármán constant [García, 2008] , and w is the settling velocity of sediments. The lower term of the Rouse number (u*) reflects the intensity of the turbulent fluctuations of the flow velocity, and determine the ability of the flow to carry particles in suspension through turbulent diffusion. The upper term (the settling velocity w) indicates the ability of particles to settle down toward the bed, and the resulting enrichment at the bottom of the channel. Fast-settling (e.g., coarse and/or dense) particles will have high Rouse numbers (equation (2)) and will display a pronounced increase of concentration with depth (equation (1)). On the contrary, slow settling fine particles will have low Rouse numbers implying nearly constant SPM concentration with depth. Therefore, our observations concerning sediment grain size distribution and concentration are compatible with the Rouse model. These combined effects of size, density and shape of grains acting on their distribution throughout depth profiles are referred to in the following as hydrodynamic sorting during riverine transport. The Amazon vertical profiles of SPM concentration are well explained by the Rouse model, although Rouse numbers yielded by the analysis of these profiles are higher than calculated Rouse numbers from sediment grain size distribution and flow parameters [Bouchez et al., 2010a] . This discrepancy was attributed to particle aggregation in the river. Table 1 for profiles and samples characteristics.
Chemical Composition of Sediments
making the Al/Si weight ratio a good proxy of vertical chemical differentiation. In the sediments of the Amazon Basin rivers, a relationship is observed between the Al/Si ratio and the grain size distribution D 90 (see Table 2 and Figure 4 ). D 90 is the grain size below which 90% of the grains are found in a given sample. D 90 is an interesting metric for grain size distribution since it integrates the whole size spectrum and the different granulometric components, independently of the number of modal sizes, for instance.
[13] The relationship of Figure 4 shows a tight link between grain size distribution and chemical composition of suspended sediments: coarse samples are Si enriched, while fine samples are Al rich. The Solimões, Madeira and Amazon rivers do not display significantly different grain size-Al/Si relationships, despite different grain size distribution patterns (section 3.1).
[14] The variation of Al/Si as a function of depth along vertical profiles in the Solimões and Madeira rivers is shown in Figure 3 . Similar patterns are observed in the Amazon mainstem sampling sites.
Al/Si points toward low values (ca. 0.15, siliconrich coarse sediments) in bottom suspended sediments and high values (ca. 0.45, aluminum-rich fine sediments) in surface suspended sediments. Such a relationship was observed in previous studies on the Ganga-Brahmaputra system by Galy et al. [2007 Galy et al. [ , 2008 . Variations of the Al/Si ratio of suspended sediments are also observed with sampling date. All the sediment samples from the Amazon River basin have a grain size and Al/Si that result from a mixing between two end-members, best represented by bed sediments on one hand (coarse, low Al/Si) and surface suspended sediments on the other hand (fine, high Al/Si). These endmembers are referred hereafter to as coarse and fine, respectively.
[15] Figure 4 demonstrates that despite the large temporal and spatial variations of sediment grain size, Al/Si and grain size always vary consistently. For example, during the Madeira low-water stage (June 2005), suspended sediment samples display higher Al/Si, because coarse, high-Rouse number, Si-rich sediments are less readily transported high [16] The Al/Si ratio is thus a surrogate for grain size. In the following, chemical and isotopic compositions are examined as a function of Al/Si, rather than sampling depth, allowing for a chemical study of the whole size spectrum of river sediments.
Chemical Composition Versus Al/Si Ratio
[17] Chemical composition of surface sediment samples are comparable with previous studies on the Amazon River [Gibbs, 1967; Gaillardet et al., 1997; Elbaz-Poulichet et al., 1999; Viers et al., 2008] . The Amazon at Iracema exhibits the same concentrations as the Solimões, since the Rio Negro does not contribute significantly to the Amazon sedimentary budget [Gibbs, 1967] . Downstream from the Madeira-Amazon confluence (at Parintins and Óbidos), the Amazon has intermediate values of chemical concentrations, well explained by a mixing between the two tributaries.
[18] The concentration of Si is negatively related to the Al/Si ratio, with bed sediment samples having the highest concentrations, whereas Al concentration displays the inverse behavior ( Table 2 ). The Amazon, Solimões and Madeira rivers define a single relationship, which is probably due to the fact that the abundances of these major elements do not vary from a bedrock to another at the large catchment scale.
[19] Concentrations of Th and REEs ( Figure 5 for Th) display a linear positive relationship with Al/Si. One bed sediment sample from the Madeira clearly lies outside of the general trend and is very enriched in Th and REEs. The Solimões and Amazon mainstem display similar relationships for Th and REEs concentrations and Al/Si. The Madeira River is enriched in Th and REEs compared to the Solimões for a given Al/Si value.
[20] Transition metals (Cr, Fe, Co, Cu, Zn) follow a clear increase in concentration with increasing Al/Si (although two possibly contaminated samples display very high concentrations of Cu, Table 2 ). No significant difference was found between the different rivers. [23] To summarize, the above relations describe how element concentrations vary as a function of grain size in the particulate load of the Amazon river system. For most of the elements, concentrations increase with decreasing grain size (increasing Al/Si). This is particularly true for Al, Fe Th, REEs, K, Rb, Cs, Mg and transition metals. It is interesting to note that this group contains elements classically known as soluble elements (mobile during water-rock interactions, and partitioned between solid and dissolved phase) and insoluble elements (nonmobile and transported essentially in the solid load). Si, Zr, Hf, Ti, Nb, Ta, Na, Ca, Ba and Sr show decreasing concentrations (at least in the suspended load) with decreasing grain size. Generally, these relations are not dependent upon the water stage for a given river. However, for most elements different correlations are defined for each river, the relationships between element concentrations and Al/Si differing between the Solimões and the Madeira. For a given Al/Si ratio, concentrations of Th, REEs, K, Rb and Cs are higher in the Madeira River than in the Solimões River while Na, Ca and Mg are lower in the Madeira. [24] Altogether, these observations clearly indicate that the change in chemical composition of suspended sediments throughout depth in a single river channel, observed for instance in Figure 3 , is related to a change in grain size, which is in turn induced by hydrodynamic sorting. Therefore, chemical elements are greatly and variably affected by hydrodynamic sorting processes in the river channel.
Sr and Nd Isotopic Ratios
[25] Sr isotopic ratios have been determined for some of the suspended load and bed sediment samples ( [27] Nd isotopic ratios are presented in Table 3 . The observed variability is low compared to Sr isotopic ratios, and the results agree well with previously reported data by Goldstein et al. [1984] , Goldstein and Jacobsen [1988] , Allègre et al. [1996] , and Viers et al. [2008] , with typical Nd values of −8 for the Solimões, 12 for the Madeira (except for one sample) and −10 for the Amazon at Óbidos. Significant variations with depth, or Al/Si are observed between samples of a given river. The range of Nd isotopic ratios covered by the Solimões and Amazon suspended load samples is 2 Nd units, and is 3 Nd units for the Madeira. Bed sediment samples have higher ratios from suspended load samples in the Solimões and in the Amazon (6 and 2 Nd units higher than the suspended load, respectively), but not in the Madeira. For the Solimões River, a significant decreasing trend of Nd is observed as a function of Al/Si. For the Madeira River, Nd shows no trend with Al/Si. [28] The above isotopic data demonstrate that significant fractionations of Nd and especially Sr isotopes occur along depth profiles. This is particularly true for the Solimões River. These results show that the common assumption that suspended sediments in large rivers are isotopically homogenous from surface to bottom is not correct. are quartz and organic matter. Because organic carbon concentration in Amazon sediments is relatively low (of the order of 1%) [Hedges et al., 1986] , organic matter cannot account for the extent of dilution observed for elements such as Al, Fe, REEs and Th at low Al/Si. Hence, the amount of quartz in the samples is the main factor controlling the concentration of these elements throughout the sampled depth profiles. The decrease of the Al/Si ratio at depth accompanying the decrease of most elemental concentrations, can thus be attributed to the hydrodynamic enrichment of relatively coarse quartz grains near the bottom of the channel, consistently with the observed coarsening of grain size distributions at depth (section 3.1). This feature, observed here in river sediments during their transport, was also reported for sand deposits and consolidated terrestrial sediments, for example. Low concentrations of most elements in sandstones compared to associated siltstones and shales have been reported by Cullers [1995] and Cullers et al. [1997] and have been attributed to higher quartz concentrations.
[30] This effect of dilution by quartz obscures further differential variabilities between chemical elements due to hydrodynamic sorting, and has to be corrected for. Elemental concentrations are thus normalized to Th concentration. Th is an insoluble element essentially carried by the solid phase in rivers. In order to represent all families of elements on the same diagram for a given river, Th-normalized concentrations are normalized to the mean value of the same elemental ratio in the suspended sediment samples of the considered river. In the following, these doubly-normalized concentrations are examined as a function of the Al/Si ratio, used as an index of grain size. The resulting plot is called in the following the fan-shaped diagram (Figure 7) , referring to the characteristic shape of these doubly Th-normalized ratios-Al/Si relationships in that space.
[31] Here again, the pattern of the Amazon at Iracema is comparable to that of the Solimões at Manacapuru, and the Amazon mainstem at Parintins and Óbidos patterns are well explained by a "mixing" between the patterns of the Solimões and the Madeira rivers. Bed sediment samples show a significant scatter of the Th-normalized ratios, which can be attributed to local enrichment or depletion by selective entrainment of Th-bearing heavy minerals such as monazite [Slingerland, 1977] , thus inducing normalizations artifacts. This is the reason why bed sediment samples are not represented in Figure 7 . In the following, we first focus on the fan-shaped diagram of the Solimões.
Then, we will further examine the differences between the Madeira and the Solimões.
Behavior of Insoluble Elements
[32] Elemental ratios Al/Th, Fe/Th and REE/Th (as well as Cu/Th, Cr/Th, Zn/Th and Ga/Th, not shown here) are rather constant with Al/Si (Figure 7 ). This means that increasing dilution by quartz toward low Al/Si is the only process inducing a variation of concentration of these elements in suspended sediment with depth. Variations of Al, Fe, REEs, Cu, Cr, Zn and Ga concentrations in suspended sediments throughout the water column can thus be described by a two end-member mixture between fine, Al-rich grains that are enriched in suspended sediments near the surface of the channel, and quartz, enriched toward the bottom of the channel.
[33] However, a number of insoluble elements show nonhorizontal patterns in Figure 7 . This means that their abundance is not only controlled by dilution by quartz of aluminous phases, but also by mixing between nonquartz minerals with contrasted concentrations of these elements. In the Amazon Basin rivers, Si/Th, Ti/Th and Zr/Th ratios (as well as Co/Th and Ge/Th, not shown here) increase for decreasing Al/Si ratios. Nb and Ta follow the same behavior as Ti, and Hf follows that of Zr. River bed sediment samples are particularly enriched in these elements. This feature, commonly observed in river systems [e.g., Albarède and Semhi, 1995; Garzanti et al., 2010b] is generally attributed to the enrichment of heavy minerals in this fraction. While Si is preferentially carried by quartz, Ti (with Nb and Ta) and Zr (with Hf) are probably carried by rutile and zircons, respectively. These so-called heavy minerals were all detected by XRD in the bed sediment samples (section 4.2), and are likely to be enriched near the bottom of the channel (thus in low Al/Si, coarse samples) by hydrodynamic sorting. It is interesting to notice that elements such as Th and REEs, which are likely to be significantly transported by heavy minerals such as monazite, do not show the same pattern as Zr and Hf. This surprising observation suggests that in the Amazon, these heavy minerals are not the primary carriers of Th and REEs in suspension.
[34] The abundance of insoluble elements in the Madeira, Solimões and Amazon rivers are thus controlled by a mixing between minerals differentially sorted within the river section. The bed and channel bottom suspended sediments are enriched in heavy minerals and quartz, while channel surface samples are enriched in clay minerals. Two major types of insoluble elements can be distinguished: (1) the elements present in the Al-rich component dominating the channel surface samples, diluted with depth by quartz (and possibly other minerals relatively poor in those elements), and (2) the elements significantly carried by heavy minerals and quartz. We predict, according to the occurrence of various heavy minerals in a catchment area, that different patterns for insoluble elements in the fanshaped diagram should be observed for other river systems.
Behavior of Alkali and Alkali-Earth Elements
[35] Alkali (Na, K, Rb) and alkali-earth elements (Mg, Ca, Sr, Ba), referred to hereafter as A-AE, have been shown by many authors to be depleted in river surface sediments with respect to the continental crust Canfield, 1997; Gaillardet et al., 1997 Gaillardet et al., , 1999 . This depletion is due to their mobility during water-rock interactions. The chemical investigation of the depth profiles of the Amazon shed light on the behavior of A-AE during the weathering-erosion-transport process (see Figure 7 for Na, K, Rb, Cs, Mg and Ca).
[36] 1. The doubly-normalized ratios of most A-AE vary with grain size. The fan-shaped diagram shows that the weathering intensity of particulates, which can be defined from the A-AE depletion compared to the source rock, is grain size dependent.
[37] 2. The coarsest material is enriched compared to the finest for Na, K, Mg and Ca. Rb, which has a fairly flat pattern, shows no enrichment in either end-member. Unlike any other A-AE, Cs is enriched in the fine end-member. [38] 3. The heavier the alkali element, the more enriched (or the less depleted) in the fine-grained sediments, compared to the coarse-grained sediments. The extent of fractionation of a chemical element between different grain sizes can be quantified by the sorting factor S.F.
S.F. is related to the "slope" of the element pattern in the fan-shaped diagram (Figure 7 ): S.F. = 1 means a flat pattern in the fan-shaped diagram and no fractionation of the element between fine and coarse sediments. Conversely, S.F. different from 1 means that the chemical element is undergoing fractionation due to sorting. We arbitrarily choose to use Al/Si = 0.20 as representative of the coarse sediments, and Al/Si = 0.45 for the fine sediments. Then, linear best fits in the fan-shaped diagram yield the corresponding X/Th ratios and to calculate S.F. A very good correlation is obtained between S.F. and the ionic radius for alkali elements, as shown in Figure 8 .
[39] 4. For alkali elements, the depletion/enrichment pattern is related to solubility, as shown in Figure 8 , where S.F. for Na, K, Rb and Cs are plotted versus the ratio X w /X p , which is a way to quantify the solubility of an element. X w is the representative value for the quantity of an element present as dissolved species in one liter of Solimões river water. X p is the representative value for the quantity of the same element transported in the particulate phase in one liter of Solimões river water. To calculate X w and X p , average of dissolved concentrations [Bouchez, 2009; Bouchez et al., 2010b] and suspended sediment concentrations and chemical composition (Tables 1 and 2) were calculated over all available Solimões samples. The more an alkali element is soluble (the higher X w /X p is), the more enriched in coarse sediments it is. Since Goldschmidt [1937] , A-AE are broadly considered as soluble elements because they easily form monoatomic cations in aqueous solution. However, the affinity between alkali elements and soil phyllosilicates increases with ionic radius, resulting in a so-called lyotropic series [Jenny, 1932] . Altogether, this demonstrates that there is a tight relationship between the chemical properties of these alkali elements (e.g., ionic radius), their solubility and their behavior with respect to hydrodynamic sorting.
[40] The fan-shaped diagram of Figure 7 is the graphic representation of the gradual depletion/ enrichment of the finest fraction compared to the coarsest from Na (and Ca) to Cs. These various depletion/enrichment patterns offer a new approach for considering the geochemical mobility of A and AE elements through the whole spectrum of grain size produced by weathering processes.
Toward a New Geochemical Classification of Elements During Weathering and Erosion
[41] At this stage, based on the fan-shaped diagram (Figure 7 ), a classification of elements during erosion and transport in the Amazon Basin can be proposed as follows.
[42] 1. Th, REEs, Cr, Cu, Ga, Zn, Al and Fe concentration variations in the river with channel depth are simply due to the dilution of an Al-rich component by quartz. Some particular enrichment of Th and REEs can be observed in bed sediment samples due to concentration of heavy minerals. As these elements are all insoluble elements, their ratios are fairly constant over depth profiles and likely reflect the corresponding ratios of the continental crust eroded by the river. We propose to call them insoluble and poorly sorted elements.
[43] 2. Zr, Hf, Ti, Nb, Ta, Ge, and Co are not only diluted by quartz. Their variability with depth also stems from the occurrence of heavy minerals in the coarse sediments. Like those of the previous group, these elements are insoluble elements. They are insensitive to chemical weathering but are highly influenced by sorting in the river system. They are strongly fractionated by erosion processes, a feature that was already noticed and used for the Lu/Hf isotopic system [Patchett et al., 1984] . We propose to call this group the insoluble and wellsorted elements.
[44] 3. Alkali and alkali-earth elements (A-AE) are depleted in the fine samples compared to the coarse samples, except for Cs, and a remarkable gradual "enrichment/depletion" factor from Na and Ca to Cs is depicted in the Solimões River basin. The patterns of these elements in the fan-shaped diagram ( Figure 7) show that phases other than quartz and clays are necessary to explain their compositional gradient in the river column. These elements are not best characterized by their solubility, since they display various contributions of dissolved load to total transport, but rather by their mobility during weathering reactions that enrich fine fractions in heavy alkali elements and coarse fractions in light alkali elements.
[45] Finally, the observations and conclusions reported here for the Solimões also apply to the Madeira river system. It can be seen from Figure 7 that a steeper gradient for Zr but flatter patterns for A-AE characterize the Madeira River. Future studies will be necessary to tell whether these conclusions deduced from the Amazon river system apply to other large river systems. The differences between the two subbasins are examined below in more detail (section 4.3).
Identification of the Mineralogical End-Members Explaining A-AE Patterns
[46] The above discussion shows that the relationships between element concentrations (or ratios) and grain size can be interpreted in terms of mineralogical mixing. Since quartz dilution is not the only process explaining A-AE abundances in depth profiles of suspended sediments (Figure 7 ), additional mineralogical phases are necessary to explain the observed patterns.
[47] XRD investigation revealed a large variety of minerals. Qualitative inspection shows that quartz is present in all samples and albite in almost all samples. Zircons, rutile and anatase were detected in bed sediment samples, consistently with the findings of Vital et al. [1999] and Vital and Stattegger [2000] . In all samples, kaolinite, illite, chlorite were found; in the <2 mm fraction, vermiculite and smectite were additionally identified, consistently with the findings of Gibbs [1967] , Vital et al. [1999] , and Guyot et al. [2007] . No carbonates or micas were detected. The identified minerals explain qualitatively the two main endmembers of the observed grain size-Al/Si correlation. As demonstrated above, coarse, low-Al/Si sediments found near the bottom of the channel are quartz rich, but probably also albite rich. The aluminous phase enriched in fine suspended sediments is better explained by a phyllosilicate minerals assemblage, these minerals being usually small, tabular and relatively light, and thus expected to be preferentially transported at the surface of the water column. The correlation in Figure 4 thus reflects the finer nature of secondary Al-rich minerals (clays) [Meunier, 2006] compared to Si-rich primary minerals (such as quartz, feldspars, etc.).
[48] The 87 Sr/ 86 Sr ratio in river sediment reflect that of bedrock minerals or of secondary minerals resulting from their chemical alteration in soils. The lowest isotopic ratios found in the coarse sample are compatible with the presence of feldspars, which are relatively dense minerals, and are thus likely to be enriched near the bottom of the channel. The increase of 87 Sr/ 86 Sr with increasing Al/Si in the Solimões and Amazon rivers is consistent with the occurrence of phyllosilicates in the finest samples because these minerals have relatively high Rb/Sr ratios and with time acquire radiogenic compositions. These phyllosilicates are likely to be illite, kaolinite, chlorite, smectite and vermiculite as indicated by XRD analyses (since micas have not been detected). These phyllosilicates do not contain high amounts of Na and Ca, but may contain significant amounts of K (in illite), Mg (in smectites), Rb and Cs (in illite and interfoliar spaces of smectites) [e.g., Poinssot et al., 1999] . From Na to Cs, the increase in ionic radius tends to facilitate the incorporation in clay interlayers [e.g., Jenny, 1932; Sawhney, 1972] , which is in turn likely due to the size of the hydration sphere of their aqueous species. This mechanism explains the relationship between alkali elements enrichment in the fine sediments of the Amazon River and their ionic radius, as well as their decreasing solubility with increasing ionic radius (Figure 8 ). Despite being not detectable by XRD, small amounts of micas might also be present in the fine sediments and contribute to the A-AE patterns.
[49] As a conclusion, A-AE patterns are mainly the results of a mixing of coarse feldspars (enriched in low-Al/Si samples) and an assemblage of fine clay particles (enriched in high-Al/Si samples). The enrichment of A-AE in the coarse fraction could also partly be attributed to the occurrence of heavy minerals and of lithic fragments [Franzinelli and Potter, 1983; Johnsson and Meade, 1990] , provided that these lithic fragments are inherited from regions of low Sr isotopic ratios (for example, from the volcanic areas of the Andes). It should also be emphasized, for a more complete picture, that oxy-hydroxides and organic matter are likely to be enriched in the finest, near surface suspended load samples.
Comparison Between the Solimões and the Madeira: The Weathering-SortingLithology Triptych
[50] Several differences can be observed between the Solimões and Madeira rivers in terms of element concentrations, Al/Si range and chemical ratios.
Here we attempt to explain these differences and to distinguish the effects of weathering processes, sorting processes and composition of the continental crust from which river sediments are derived.
[51] The differences between the two basins in terms of sorting of chemical elements can be explored using the fan-shaped diagram (section 4.1) and the S.F. ratio as defined in section 4.1.3. In Figure 9 , in which the S.F. ratio is shown for the two river systems, chemical elements are grouped by families as defined in section 4.1. For the Solimões, S.F. ranges from 0.22 (Na) to 1.59 (Cs), whereas for the Madeira, it ranges from 0.31 (Zr) to 1.42 (Cs), and only from 0.60 (Na) to 1.42 (Cs) for alkali elements. Nevertheless, the progressive depletion/enrichment pattern as a function of ionic radius of alkali elements (section 4.1.3) is also observed in the Madeira. For the Madeira, alkali-earth elements are close to the horizontal line S.F. = 1, whereas significant fractionations were observed for the Solimões for alkali-earth elements in section 4.1.3. Finally, for both rivers, sorted insoluble elements have comparable S.F. values. Therefore, with the noticeable exception of Zr and Ti, hydrodynamic fractionation throughout depth is weaker in the Madeira than in the Solimões. In other words, Madeira sediments are more homogenous than those of the Solimões. This feature is also visible (1) in the grain size distributions, for which the Madeira River display more homogenous patterns than the Solimões River (section 3.1), and (2) on the range of 87 Sr/ 86 Sr ratios (Table 3 and Figure 6 ); the relative variability of Sr isotopic ratios is 3.4 ‰ for the Solimões suspended load, and only 1.7 ‰ for the Madeira suspended load.
[52] The flatter patterns of Na, K, Ca, and Sr obtained for the Madeira in the fan-shaped diagram (Figures 7 and 9 ) are explained by the depletion of primary minerals containing these elements in the low-Al/Si sediments compared to the Solimões. For example, an absence of plagioclase would result in the depletion of Na in the coarse fraction. The potentially very low content of feldspars in the coarsest fraction of the Madeira River sediments compared to the Solimões River sediments could be attributed to (1) hydrodynamic sorting, i.e., preferential deposition of feldspars between the sediment source region and the sampling site (physical effect), (2) weathering in Andean soils or in the floodplain (chemical effect), and (3) crustal composition (source effect).
[53] Because the two river basins do not drastically differ in terms of geomorphic features and both have the ability to transport zircons and other heavy minerals in the coarse fractions (as clearly shown by Figure 7) , both river systems likely have similar ability to transport feldspars from the source areas to the outlet. Furthermore, the flux of dissolved Na exported out of the Solimões drainage basin, once corrected from rain input, is about 250-350 kg/s, i.e., more than twice the flux of dissolved Na at the outlet of the Madeira River basin, which is 30-100 kg/s, depending on the water stage. These numbers have been calculated using water discharge determined by ADCP on the day of sampling and the concentrations of Cl and Na measured in the dissolved phase [Bouchez et al., 2010b] . Because albite is the main mineral that provides dissolved Na during chemical weathering reactions, these fluxes suggest that albite weathering is more important in the Solimões basin than it is in the Madeira basin. Moreover, climate, surface area and geomorphic conditions are not significantly different between the Solimões and Madeira river systems. This analysis suggests that the very low content of albite in the suspended sediments of the Madeira River is not due to albite dissolution by present chemical weathering. The amount of feldspars in the suspended sediments of the Solimões and Madeira rivers is thus most probably related to their occurrence in the bedrock. This conclusion is consistent with the geology of the two basins: the Madeira River drains mostly sedimentary rocks while an additional magmatic subduction-related component is present in the Solimões River basin. This is confirmed by geochemical studies [Basu et al., 1990; Allègre et al., 1996; Viers et al., 2008 ] that all detected, based on Nd and Sr isotopic ratios, a relatively recent magmatic component in the Solimões River sediments, and not in the Madeira River sediments.
[54] The differences in the fan-shaped diagram patterns between the Solimões and Madeira rivers ( Figure 7 ) are thus related to the nature of the continental crust submitted to chemical weathering. "Flat" patterns of A-AE characterize highly evolved sedimentary crustal material, i.e., a mixing between coarse quartz and heavy minerals on one hand, and fine phyllosilicate assemblages on the other hand. In the Solimões, a magmatic component constitutes a source of Na-and Ca-containing primary minerals and lithic fragments, that mix with quartz, heavy minerals and clays, giving rise to a higher degree of chemical variability with grain size. This is also shown by Sr isotopes (Figure 6 ): the Solimões River system mixes nonradiogenic minerals, enriched in the coarse suspended sediments and likely deriving from magmatic areas of the Andes; with more radiogenic minerals such as micas or sedimentary clays, enriched in the finest samples, and similar to those found in the Madeira suspended load. Sorting in Solimões-like river systems induces an isotopic fractionation leading to more radiogenic phases in the fine-grained fraction for Sr and less radiogenic phases for Nd. This fractionation is possible because of the occurrence of feldspars or lithic fragments in the suspended sediments.
[55] The present-day weathering processes do not permit the weathering of all primary minerals that are evacuated out of the Solimões river system. Conversely, the sedimentary rocks that constitute most of the Madeira River drainage basin were affected over geological times by successive reworking and weathering episodes, which have led to progressive loss of Ca and Na elements and to the flat patterns observed in Figure 7 . In other words, sedimentary cannibalism [Veizer and Jansen, 1979] explains the distribution of Na and Ca with grain size in the suspended sediments of the Madeira River.
[56] We conclude from the above discussion that the differences between the Solimões and Madeira rivers in terms of effects of hydrodynamic sorting on chemical elements distribution are not only influenced by present-day weathering and sorting regimes, but also largely by bedrock characteristics. The persistence of unweathered minerals or lithic fragments in the Solimões River sediments shows that the weathering conditions (climate, soil development and residence time) in the magmatic provinces from which they derive are not active enough to entirely transform them into clay minerals. We speculate that more drastic weathering regimes (higher precipitation and temperature, deeper soils with longer residence time) could have led to the absence of feldspars or lithic fragments in the river sediments of the Solimões and less differences between the chemical depth profiles of Solimões and Madeira river sediments. Altogether, a combination of bedrock composition, weathering intensity in soils and hydrodynamic processes during transport determines the distribution of elements along the grain size range of river sediments.
Sr Isotopes as a Tracer of a "Stratification of Sediment Source" in the Amazon River
[57] The very distinct Sr isotopic signatures of the Solimões and the Madeira rivers allow us to constrain their relative contribution in the Amazon River, and to trace the particles in the mixing process. As shown in Figure 6, and 60% of Solimões sediments in the Amazon sediments, respectively, for bed sediment, suspended load at −45 m and −20 m. Thus, in the Amazon River, the Madeira solid material is preferentially transported near the channel surface, whereas the Solimões River is preferentially transported near the channel bottom. This conclusion is consistent with the smaller grain size of Madeira sediments compared to Solimões sediments: once the sediments of both tributaries are transported one single channel, i.e., the Amazon, the relatively coarser sediments of the Solimões are hydrodynamically enriched near the bottom of the channel. We emphasize that this feature is probably not transient: the described mechanism of hydrodynamic sorting is also valid for steady state transport. To our knowledge, this is the first time that such a "stratification" of sediment provenance is reported in a large river system.
Conclusion
[58] From depth profiles of river water sampling, made at two distinct water stages and in five locations of the largest river basin on Earth, the Amazon River appears to act as a "sorting machine" of erosion products of the Andes. Important gradients in chemical and isotopic compositions are observed at all locations with depth, best characterized by the Al/Si ratio chemical index. A major result of this study is that a basin-wide inverse relationship is observed between grain size and Al/Si ratio, Al-rich, clay-rich samples being the finest, and Si-rich, quartz-rich samples being the coarsest. The quartz enrichment from channel surface to bottom and then to bed sediment, induced by hydrodynamic sorting, explains a large part of the variability in chemical composition of Amazon riverine sediments. A double-normalization (fan-shaped) diagram is proposed in this paper to correct for dilution effects of clay minerals by quartz and shows that additional processes of mineralogical sorting within the water column are needed to explain the distribution of chemical elements throughout the Al/Si spectrum.
[59] Another significant result of this study is the enrichment of the finest fraction of river suspended sediments (in terms of absolute concentrations) in a large number of major (Al, Fe, K, Mg) and trace (Th, REEs, Co, Zn, Rb, Cs) elements relatively to the coarse fraction. Isotopically, Sr and Nd isotope ratios are significantly more radiogenic in the finest suspended sediments, at least in the Solimões River. Therefore, sorting of river products results in significant chemical and isotopic fractionations, implying that (1) the composition of river suspended sediments in large river systems can only be known precisely if it is integrated along depth profiles and (2) fine sedimentary rocks do not necessarily record the concentrations and isotopic ratios of the bedrock from which they derive; Sr and Nd isotopic ratios of fine sediments may not be a reliable record of the crustal bedrocks, a finding with important implications regarding studies of continental crust evolution. Interestingly, Sr isotopes show that the Amazon River profiles result from a mixing between these two tributaries with the suspended sediments of the top and the bottom of the depth profiles preferentially derived from the Madeira and Solimões river sediments, respectively.
[60] We established in this paper a classification of elements during erosion and transport for the Amazon Basin. Three main groups can be distinguished. The first group is composed of insoluble and poorly sorted elements Th, REEs, Cr, Cu, Ga, Zn, Al and Fe, in which concentration variations in the river with channel depth are simply due to the dilution of an Al-rich component (most likely a phyllosilicate assemblage) by quartz. The second group is composed of insoluble and well-sorted elements Zr, Hf, Ti, Nb, Ta, Ge and Co, in which concentration variabilities with depth are also due to the presence of heavy minerals in the coarse sediments. The third group is composed of alkali and alkali-earth elements (A-AE); they are soluble elements and are partitioned between dissolved and suspended load, except Cs. They are not only diluted by quartz, but their variability also reflects the mixing of a phyllosilicate component, preferentially transported at the river surface and primary minerals (i.e., feldspars and lithic fragments) in the coarsest fraction. A remarkable chemical gradient of the "sorting factor" of alkali elements (from Na to Cs) is observed in the Solimões River basin, related to their mobility during weathering, and to their gradual affinity with secondary phyllosilicates.
[61] The Madeira River profiles appear less variable than those of the Solimões in terms of chemistry and grain size distribution. Arguments based on the alkali elements suggest that the low chemical and isotopic variability of the Madeira River profiles is controlled by crustal rock composition rather than by present-day weathering conditions. Our results suggest that recycled crust leads to homogenized profiles, while magmatic crust will favor the sorting of grains, provided that weathering conditions are not too drastic.
[62] The composition of river particles results from the interplay of crustal bedrock type (recycled versus primary), weathering (and the controlling factors, i.e., climate, residence time, etc.) and sorting processes (hence hydrodynamic and geomorphologic properties). These three parameters can define what we call an erosion regime, encompassing present-day weathering conditions, bedrock type and fluvial transport features. Any use of past river sediments to infer paleoenvironmental conditions will have to take into account these three controlling parameters and their interplay. The investigation of other river systems is clearly necessary to infer a more global picture on the links between sediment composition and erosion systems.
